Neuronal firing patterns determine the manner of neurosecretion, the underlying mechanisms of which are poorly understood. Using supraoptic nuclei in brain slices from lactating rats, we examined the involvement of extracellular signal-regulated protein kinase 1/2 (ERK1/2) and filamentous actin (F-actin) in burst generation by oxytocin (OT) neurons. Blocking phosphorylation of ERK1/2 (pERK1/2) decreased miniature EPSCs and blocked OT-evoked bursts, as did intracellularly loading an antibody against pERK1/2. OT (10 pM) increased cytosolic pERK1/2 close to the cell membrane within the first 5 min, subsiding by 30 min, whereas OT elicited pERK1/2 nuclear translocation in closely associated supraoptic astrocytes. The increased pERK1/2 was tightly correlated with spatiotemporal actin dynamics. In OT neurons, OT initially increased F-actin, particularly at membrane subcortical areas, and then decreased it after 30 min. Both polymerization and depolymerization of actin cytoskeleton were associated with bursts, but only polymerization facilitated OTevoked bursts. Blocking ERK1/2 activation blocked OT-evoked actin polymerization, whereas depolymerizing F-actin increased pERK1/2 expression. These changes were further identified in vivo. In intact animals, suckling increased ERK1/2 activation in the cytosol and membrane subcortical area F-actin formation in OT neurons, whereas it increased F-actin concentration in astrocytic somata. Coimmunoprecipitation showed that suckling increased molecular interactions between pERK1/2 and actin. Finally, two different blockers of ERK1/2 kinase injected intracerebroventricularly reduced suckling-evoked milk ejections. This is the first demonstration that OT mediation of suckling-evoked bursts/milk ejections is via interactions between pERK1/2 and actin cytoskeleton.
Introduction
Neurons change their firing patterns under different physiological conditions and functional requirements (Faingold, 2004; Krahe and Gabbiani, 2004) . Burst firing patterns play crucial roles in nervous system maturation, regulation of rhythmic activity, neurosecretion, and memory formation. Hypothalamic oxytocin (OT) neurons are representative bursting neurons. They are highly compacted in the supraoptic (SON) and paraventricular (PVN) nuclei, and distributions of their dendrites, somata, and axonal terminals can be readily identified (Armstrong, 1995; Hatton, 2004) . During lactation, OT neurons display intermittent, synchronous burst discharges, resulting in bolus release of OT from the neurohypophysis and subsequent milk ejections from the mammary glands (Crowley and Armstrong, 1992; Wakerley et al., 1994) . The probability of occurrence and intensity of a particular milk ejection depend on the preceding burst and its degree of synchrony. In burst generation, somatodendritically released OT is particularly important. Suckling increases OT concentrations in and around the SON and PVN (Neumann et al., 1994; Bealer and Crowley, 2001) . Blocking activation of OT receptors (OTRs) blocked suckling-evoked bursts (Freund-Mercier and Richard, 1984) . OT can also evoke bursts in OT neurons in brain slices (Wang and Hatton, 2007 ) that preserve most features of the in vivo bursts (Wang and Hatton, 2004) . These characteristics make OT-evoked in vitro bursts and milk ejections suitable models for studying cellular mechanisms involved in burst generation.
To make the transition from regular firing to a burst, transient signals need to occur in the OT signaling cascade. Phosphorylated extracellular signal-regulated protein kinase 1/2 (pERK1/2) and actin cytoskeleton are strong candidates for burst transition. In the signaling pathway for OT actions, pERK1/2 has been identified (Hoare et al., 1999; Zlatnik et al., 2000; Burns et al., 2001) . OTR-associated G-protein ␤␥ subunits, a dominant signal in OT-evoked bursts (Wang and Hatton, 2007) , can activate ERK1/2 by phosphorylation to form pERK1/2 (Zhong et al., 2003) . Another major target of OT actions is actin. OT can cause actin polymerization in OT neurons (Wang and Hatton, 2006) and its contraction in myoepithelium or myometrium (Gimpl and Fahrenholz, 2001) . OT actions on actin are mediated by producing prostaglandins (Wang and Hatton, 2006) , a key player in OT-evoked bursts (Hatton and Wang, 2005) . The production of prostaglandin also depends on ERK1/2 activation (Zhong et al., 2003; Reversi et al., 2005) . Moreover, OTRs are expressed by both SON neurons and astrocytes (Wang and Hatton, 2006) , which allows OT to mobilize various cells to actualize the milk-ejection reflex (MER). However, it remains a question in burst generation how pERK1/2 and actin interact among SON neurons and astrocytes.
Using electrophysiology, immunocytochemistry, Western blot, and coimmunoprecipitation, we examined the involvement of pERK1/2 and actin in OT neuronal bursts evoked by OT application in slices or milk ejections induced by suckling in vivo. We show here for the first time that spatiotemporal interactions between ERK1/2 activation and actin dynamics underlie burst generation/milk ejections.
Materials and Methods
All procedures in the animal experiments were in accordance with the guidelines on the use and care of laboratory animals set by National Institutes of Health and approved by the Institutional Animal Care and Use Committee of the University of California, Riverside.
Drugs, antibodies, and agents used. All drugs were from Sigma (St. Louis, MO) except as otherwise noted. Goat polyclonal antibody against OT-neurophysin (OT-NP), monoclonal mouse antibody against pERK1/2, blocking peptide for pERK1/2 antibody, rabbit polyclonal antibody against glial fibrillary acidic proteins (GFAP), and rabbit total ERK 2 (tERK2) antibody were from Santa Cruz Biotechnology (Santa Cruz, CA). Protein A agarose beads were from Millipore (Charlottesville, VA). Rabbit polyclonal antibody against actin was from Cytoskeleton (Denver, CO). Alexa Fluor 488-, 555-, or 647-labeled donkey anti-goat, anti-rabbit, or anti-mouse antibodies, Latrunculin B, and Alex Fluor 555 or 647-conjugated phalloidin were from Invitrogen (Eugene, OR). All reagents for Western blots were from GE Healthcare (Piscataway, NJ) and Bio-Rad (Hercules, CA).
Electrophysiology. The brain slice and patch-clamp recording procedures were similar to those described in our previous reports (Wang and Hatton, 2006) . Briefly, coronal brain slices, 300 m thick, containing the SON were obtained from Sprague Dawley (Holtzman strain) lactating rats (postpartum day 8 -13). Brains were sliced into oxygenated, ice-cold artificial cerebrospinal fluid (aCSF) and then transferred to an aCSF at room temperature (21-23°C) for at least 1 h before being used for electrical recordings at 35°C. Composition of the aCSF was as follows (in mM): 126 NaCl, 3 KCl, 1.3 MgSO 4 , 2.4 CaCl 2 , 1.3 NaH 2 PO 4 , 26 NaHCO 3 , 10 glucose, and 0.2 ascorbic acid, pH 7.4 adjusted with 2 3-[Nmorpholino] propanesulfonic acid (filtered and maintained with 95% O 2 /5% CO 2 gas mixture). Whole-cell patch-clamp methods were used to record electrical activity. Patch-pipette filling solution contained the following (in mM): 145 K-gluconate, 10 KCl, 1MgCl 2 , 10 HEPES, 1 EGTA, 0.01 CaCl 2 , 2 Mg-ATP, and 0.5 Na 2 -GTP, pH 7.3, adjusted with KOH. To mark recorded neurons for subsequent immunocytochemical identification, 0.05% Lucifer yellow (K ϩ salt) was added to the pipette solution. Patch electrodes were visually guided onto SON cells via an upright microscope (Leica DM LFSA; Leica, Nussloch, Germany) equipped with infrared and fluorescence capabilities. Rate of aCSF perfusion was 1.2-1.5 ml/min. Axoclamp 2B and Axopatch 200B amplifiers were used for collecting electrical signals that were filtered and sampled at 5 kHz by Clampex 9 or Clampex 10 software through a 1320 analog-to-digital/ digital-to-analog converter (Molecular Devices, Sunnyvale, CA). Data were stored in a computer for off-line analysis.
Immunocytochemistry. Methods for identification of recorded neurons were adapted from those described previously (Smithson and Hatton, 1990) . Briefly, after labeling recorded cells with Lucifer yellow, slices were fixed overnight with 4% paraformaldehyde at 4°C and treated with 0.3% Triton X-100 for 30 min. After incubation with goat polyclonal OT-NP antibody (1:250 to 1:400 dilution) for 4 h at room temperature, a donkey anti-goat antibody (Alexa Fluor 647 labeled, 1:1000) was applied for 1.5 h to label OT neurons. In separate slice experiments used for identification of other antigens, slices were exposed to drugs only, after incubation at room temperature for 2-4 h as described previously (Wang and Hatton, 2007) . Slices were treated with various agents, fixed and permeated, and then incubated with primary antibodies at 4°C overnight (mouse antipERK1/2, 1:1000) or room temperature for 4 h (goat anti-OT-NP, 1:250 to 1:400; rabbit anti-GFAP, 1:400). Alexa Fluor 488-, 555-, or 647-conjugated donkey anti-mouse, goat, or rabbit antibodies (1:1000) were applied and matched to corresponding primary antibodies. To identify filamentous actin (F-actin), Alexa Fluor 555-or 647-conjugated phalloidin (1:100) was applied for 30 min after other secondary antibodies. Finally, Hoechst (4Ј,6Ј-diamidino-2-phenylindole, 1:1000 for 30 min) was added to label the nuclei in all samples. Sections were examined with a laser scanning confocal microscope (Leica TCP SP2) in sequential scanning mode and Z-series sectioned (0.5 or 1 m thick for each section).
For observing the direct influence of suckling on pERK1/2 expression and F-actin formation, lactating rats were separated from all pups for 4 h, after which they were divided into the following three groups: nonsuckling, suckling before MER (5-10 min), and suckling immediately after the third or fourth milk ejections. Animals were decapitated, and the brains were quickly dissected out and immersed in ice-cold aCSF within 30 s, to stop metabolic activity, before being fixed in 4% paraformaldehyde for 3 d at 4°C. Brains were then cut into 40-m-thick sections and subjected to immunostaining with the same procedure as described above.
Western blots and coimmunoprecipitation. Samples were from either slices or intact animals, as described previously (Wang and Hatton, 2007) . Animals were decapitated, and the SONs were dissected out. To reduce the variability of results from different slices, similar sized punches of SONs were trimmed and assigned to different groups. The SON was put in the cold lysis buffer and prepared for Western blotting or immunoprecipitation experiments. Different proteins in the samples (40 g each) from lysed slices were separated on 10% SDS polyacrylamide gels. Protein was transferred onto nitrocellulose membranes at 4°C. Membranes were pretreated with 5% milk solids for 1 h at room temperature and then incubated with antibodies against pERK1/2 (mouse, 1:1000, overnight at 4°C) or rabbit tERK2 (1:1000, 1 h at room temperature) separately. Bands were visualized using horseradish peroxidaseconjugated secondary antibodies and an enhanced chemiluminescence system and calibrated with tERK2 bands.
For coimmunoprecipitation, total lysates were precleared with protein A agarose to reduce nonspecific binding of proteins to the agarose beads when used later in the assay. Slice lysates (1000 -1500 g per 500 l) were added to 1.5 g of immunoprecipitating antibody (rabbit tERK2) to form an immunocomplex. After overnight incubation at 4°C on an orbital shaker, the immunocomplexes were captured by adding 50 l of protein A agarose bead slurry and gently rocking for 2 h at 4°C. The agarose beads were collected by a pulse centrifugation (i.e., 10 s in the microcentrifuge at 13,000 rpm). After discarding the supernatant and washing the beads three times with 800 l of ice-cold buffer, the agarose beads were resuspended in 50 l of 2ϫ sample buffer and mixed gently. Beads were boiled for 10 min to dissociate the immunocomplex from the beads. The beads were collected by centrifugation, and the supernatant was run on 10% SDS polyacrylamide gel. Protein was then processed and transferred to the membranes as in Western blots. The protein-loading membrane was then incubated with antibodies against actin (rabbit, 1:300), tERK2, for 4 h at room temperature with necessary stripping of membranes and reprobes.
Microinjection of drugs into the third ventricle. Sprague Dawley rats (300 -400 g), lactating for 10 -12 d, were used for this experiment. The mother was separated from a litter of 10 pups until suckling effects were tested 4 h later. The mother was anesthetized with urethane (1.1-1.25 g/kg body weight, i.p.). Lidocaine (1%) was injected subcutaneously at all points of surgery to minimize pain and discomfort. The rat was fixed in the prone position on a stereotaxic frame, and the skull was exposed. A stainless steel guide cannula (made from a 23 gauge needle) was placed in the third ventricle (0.4 mm posterior to bregma, lateral 0 mm from midline, 8.0 mm ventral to the skull surface, with an angle of 5°from the vertical, pointing ventroposteriorly) according to the atlas of Paxinos and Watson (1986) . The probes were secured in place with dental cement and two stainless steel skull screws. A tight-fitting stylet was kept inside the guide cannula to prevent occlusion. For intracerebroventricular injec-tion, a modified 27 gauge stainless steel injector was advanced into the guide cannula and extended 2 mm past the end of the guide cannula into the third ventricle. Correct locations were confirmed by outflow of CSFs during cannulation. A 10 l Hamilton syringe connected by polyethylene tubing to the injector was used for drug delivery. Drugs were administered at 0.1 l/min for 10 min, and the injector was left in place for 20 min after completion of injections. PD98059 [2-(2-amino-3-methoxyphenyl)-4 H-1-benzopyran-4-one] or U0126 [1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto) butadiene], blockers of ERK1/2 kinase [i.e., mitogen-activated protein kinase kinase (MEK)], were dissolved in 50% dimethylsulfoxide (DMSO) and 50% aCSF. Number of milk ejections and litter body weight gains were recorded for evaluation the MER. In two rats, cannulas were also placed into the right atrium through the jugular vein for delivering OT and testing behavioral stretch reaction of the pups at the beginning and end of suckling. In one of the two rats, intramammary pressure was measured through an intramammary cannula and a pressure transducer (Harvard Apparatus, Holliston, MA). Rats were killed by an overdose of Nembutal (100 mg/kg body weight) after experiments. To verify correct location in the third ventricle, 2.5% Pontamine Sky Blue (2 l) was injected through the ventricular cannula at the end of experiment; dye staining of the ventricle was confirmed visually.
Data collection and analysis. Electrophysiological data were collected after firing rate and membrane potential became stable in whole-cell configuration, which usually took 10 -20 min. The following criteria, definitions of terms, and identifying conditions were used. Identification of OT and VP neurons was done as in our previous work (Wang and Hatton, 2006) . To qualify as in vitro bursts, the electrical activity was required to show all electrophysiological features of the milk-ejection burst (Wakerley et al., 1994) with spike features of bursts evoked by the ␣1 adrenoceptor agonist phenylephrine (Wang and Hatton, 2004) . In brief, acceptable bursts were required to have the following characteristics: a sudden increase in firing rate (at least five times the average basal firing rate) and in spike duration, accompanied by transient depolarization of membrane potential and reduction in spike amplitude as the peak rate of firing (instantaneous frequency 10 times the basal firing rate), was reached, all followed by an exponential decay in firing rate after the peak rate, and ending with a period of silence. Measured liquid junction potentials of Ϫ8 to Ϫ11 mV (potential of pipette solution with respect to the bath) were uncorrected in Results.
In quantifying the relative intensities of various immunostained elements, the luminosity of the cells in a specific channel in each section was assayed with Leica LCS Lite software. The background level during scanning was set to those of "no-primary antibody" controls and, while measuring the intensity, "Minimum Baseline Correction" for all the channels was applied, i.e., the minimum value of the intensity distribution is selected and defined as zero level. In image analysis, a single optical section was taken. For most cells, these optical sections were through the middle of the cell and its nucleus, selected from among many sections in a Z-series scan. A value for each section/slice was obtained by averaging values from six to eight cells or as indicated otherwise. In the same series of experiments, depth of focus, photo multiplier tube intensity (350 -600 V), offset (1-4%), pinhole size (1 airy unit corresponding to an optical slice thickness of 300 nm), magnification (63ϫ objective lens), and zoom were kept at the same value. Groups for comparison were scanned in the same experiment. For intensity of immunostaining, the term "strong" means that the image intensity falls in the top one-third of the detectable range (e.g., 1-256); "weak" was used for those falling in the bottom one-third of the range. Overlaps of different channels and nucleus morphology were confirmed by Z-series scanning. Control experiments to exclude nonspecific staining included pretreatment of the slices with a blocking peptide before applying pERK1/2 antibody and application of secondary antibody without pERK1/2 antibody (no primary control). Both procedures led to the absence of staining for pERK1/2.
The criteria for evaluating F-actin structures in membrane subcortical areas (i.e., cytosolic areas within 1 ⁄10 of the neuronal diameter from the membrane) were as follows. Three equidistantly spaced horizontal and three vertical optical sections, through the same neuron, were scanned and measured with Leica LCS Lite software. Neurons having intact membrane subcortical F-actin networks (or F-actin ring) had two peaks, in grayscale, at each horizontal/vertical intersection, that was at the periphery of the neuron. This feature had to be consistent through at least three sections in Z-series scanning. Neurons exhibiting only one peak or no peak in any of the six measurements were considered to lack intact membrane subcortical F-actin networks. In determining cell apposition, intercellular space or the membrane F-actin thickness had to be Ͻ1 m and continuously aligned for at least 10 m or 1 ⁄10 of the length of cellular circumference. For measurement of pERK1/2 at membrane subcortical areas, six equally distanced points/areas along the circumference of a neuron were tested and averaged. Individual values were based on averages of six to eight neurons from each section. Similarly, cytosolic F-actin or pERK1/2 expression was determined by these averages. To evaluate nuclear F-actin or pERK1/2, the whole nucleus of each individual neuron was selected and measured, and then these were averaged for one section.
To overcome the difficulties involved in using only GFAP to identify astrocytic somata, we combined the nuclear features of SON astrocytes with GFAP staining. Images with a small homogeneous, round-or elliptical-shaped nuclei (Paterson and Leblond, 1977) in line with GFAPpositive fibers, but not overlapping with magnocellular neurons in Z-series sections, were defined as astrocytic somata. This represents at least 95% of astrocytes because alleged interneurons in the SON are not more than 5% (Armstrong, 1995) . In addition, nuclei of endothelial cells in the SON could be readily identified by their association with blood vessels under confocal microscopy.
ANOVA, paired or nonpaired t test, or Wilcoxon's rank test and 2 test were used for statistical analyses when appropriate as instructed by SigmaStat program (SPSS, Chicago, IL), and p Ͻ 0.05 was considered significant. All measures were expressed as mean Ϯ SEM, except as otherwise indicated in Results.
Results
The role of pERK1/2 and F-actin in OT-evoked bursts was first examined by patch-clamp recordings in 104 putative OT neurons and in 32 neurons identified immunocytochemically as being OTergic and approximately equally distributed among the various groups. Additionally, miniature EPSCs (mEPSCs) were analyzed in five SON neurons. Effects of suckling on the expression of pERK1/2 and F-actin in confocal images and Western blots were observed in 32 animals. Finally, effects of blocking ERK1/2 activation in suckling rats on the MER were further examined in nine lactating rats.
ERK1/2 activation and OT-evoked bursts
OT is essential for burst generation by OT neurons in intact animals (Freund-Mercier and Richard, 1982) and in slices (Wang and Hatton, 2007) . Similar to our previous results (Wang and Hatton, 2007) , bath application of 10 pM OT for 30 min in normal aCSF evoked bursts in 25% (6 of 24) of OT neurons ( Fig. 1 A) . The bursts occurred after a delay of 9 -25 min. Together, these findings indicate that OT, acting on local neural circuits, has burst-evoking capability.
As stated previously, pERK1/2 likely plays a key role in OTevoked bursts in OT neurons. However, our preliminary results (Hatton and Wang, 2005 ) that blocking ERK1/2 activation also blocked OT-evoked bursts need confirmation. To verify this finding, we examined the effects of blocking ERK1/2 activation on OT-evoked bursts in slices. Bath application of 10 M PD98059 (Alessi et al., 1995) or U0126 (Davies et al., 2000) for 10 min to block the activation of MEK significantly reduced the basal firing rate in 19 of 22 OT neurons. OT failed to evoke bursts in any of these neurons in the presence of PD98059 or U0126 (Fig. 1 B) , although in two of these neurons, OT alone had previously evoked bursts. Similarly, intracellular loading of a pERK1/2 antibody (1 g/ml; n ϭ 18), but not its blocking peptide, elimi-nated OT-evoked burst generation. Two of six cells showed bursts in the presence of this blocking peptide. Collectively, when pERK1/2 signaling was blocked, 0 of 40 OT neurons emitted bursts. This result differs significantly ( p Ͻ 0.01 by 2 test) from the burst incidence in the OT-only group. In contrast to the postsynaptic effect, blocking ERK1/2 activation with U0126 (10 M, 10 min) significantly (n ϭ 5; p Ͻ 0.05) reduced the frequency and amplitude of mEPSCs in the presence of 0.5 M TTX and 20 M bicuculline (Fig. 1C) . In the presence of U0126, OT did not evoke EPSC clustering that had been shown in our previous work (Wang and Hatton, 2007) . The depressive effect of blocking ERK1/2 activation may be related to the inhibitory effect of OT on EPSCs at presynaptic terminals (Pittman et al., 2000) , whereas inhibitory effects of intracellular pERK1/2 antibody indicate a direct postsynaptic action.
OT-evoked ERK1/2 activation
The suppressive effects of blocking ERK1/2 activation on OT-evoked bursts highlight the importance of pERK1/2 in burst generation. Here, we provide immunocytochemical evidence for OT-evoked expression of pERK1/2 (Fig. 2 ). Ten picomolar OT was bath applied to slices for 0, 5, and 30 min, and pERK1/2 was detected with immunostaining and confocal microscopy. Each treatment used two SON-containing slices and was repeated four times. Before application of OT, weak and scattered pERK1/2 spots were seen in OT neurons, and moderate to strong staining was shown in some fiber-or terminal-like components ( Fig.  2 A1 , top row). Application of OT for 5 min significantly increased the expression of pERK1/2 over 0 min controls (Fig. 2 A1 , middle row). Thirty minutes after application of OT, pERK1/2 staining in OT neurons became diffuse, and its intensity in cytosolic areas of OT neurons was significantly reduced, whereas nuclear translocation of pERK1/2 in non-magnocellular cells was clearly visible, likely displayed by astrocytic somata (Fig. 2 A1 , bottom row). These changes are summarized in Figure 2 A2. To reveal the location of pERK1/2 expression in the non-magnocellular cells, we double stained for GFAP and pERK1/2, focusing on the ventral glial lamina in which few or no OT neurons exist. Under control conditions, GFAP-positive and -negative fibers or terminals (neuropil) showed moderate to strong pERK1/2 staining ( Fig. 2 B , top row). After 5 min OT treatment, most staining in the neuropil weakened, whereas strong staining appeared in and around astrocytic nuclei (Fig. 2 B, bottom row) . The reduction of pERK1/2 in non-astrocytic presynaptic terminals is consistent with the inhibitory effect of OT on presynaptic currents (Pittman et al., 2000) . This result suggests that OT may reduce mEPSCs by inhibition of presynaptic pERK1/2 expression. It is noteworthy that only 80 -90% of the OT neurons and 60 -70% astrocytic somata increased expression (Ͼ20% of averaged control level) of pERK1/2 in the cytosol with large variation among cells, reflecting biological diversity. In addition, ERK1/2 in many non-OTergic magnocellular neurons was also activated (data not shown). These results indicate functional diversity among SON cells.
OT-evoked bursts and actin dynamics ERK1/2 activation and actin dynamics appear to be closely related in OT-evoked bursts. Translocation of pERK1/2 could not be accomplished without the participation of actin dynamics. To investigate the involvement of F-actin, we examined actin dynamics in relation to OT-evoked bursts. Application of 10 pM OT for 5 and 30 min in slices caused dramatic changes in the expression and distribution of F-actin from the control. After OT stimulation for 5 min, F-actin tended to form ring-like structures around OT-NP components (Fig. 3A1 , middle row), suggesting membrane subcortical localization. However, 30 min after OT treatment, the F-actin structures broke down in OT neurons and the subcortical rings disappeared. This was accompanied by a global reduction of F-actin in the SON but leaving pronounced F-actin condensation in the putative astrocytic somata (Fig. 3A1 , bottom row). These changes are summarized in Figure 3A2 .
To seek direct evidence for F-actin involvement in burst generation/milk ejections, we tested the influence of actin dynamics on OT-evoked bursts. Intracellular loading of phalloidin (33 nM; n ϭ 15), an actin stabilizing agent, triggered frequent bursts (10 bursts from 6 neurons) within 10 -20 min of obtaining whole-cell configuration. Addition of OT (n ϭ 9) triggered bursts (seven bursts from four neurons) with increased amplitude and marked spike changes (Fig. 3B1) , suggesting facilitation of bursts by stabilization of F-actin. However, bath application of the cytoskeleton-disrupting agent cytochalasin B (10 M, 10 min; n ϭ 20) could also trigger burst-like firing (five bursts from four neurons), although these occurred only at the initial period. This burst-like firing showed no or weak reduction in the spike amplitude around peak rate firing (Fig. 3B2) . This is opposite to phalloidinevoked bursts. Addition of OT (n ϭ 20) after cytochalasin B treatment did not trigger bursts. In light of possible nonspecific actions of cytochalasin B on F-actin, we also tested effects of bath application of latrunculin B on OT neuronal activity. Similar to the effect of cytochalasin B, la- trunculin B (1 g/l) triggered bursts in one of six OT neurons, whereas the excitatory effect of OT was blocked. Intracellularly loaded latrunculin B or cytochalasin B also blocked the excitatory effects of OT (n ϭ 8), suggesting involvement of postsynaptic F-actin. Altogether, among 34 neurons tested, none showed bursts in response to OT stimulation. This is significantly different ( p Ͻ 0.01 by 2 test) from the OTonly group. These results indicate that F-actin is involved in modulating firing patterns.
Interactions between pERK1/2 and actin dynamics Both actin dynamics and pERK1/2 expression were associated with OT-evoked bursts. However, the relationship between the two molecules in OT neurons remains unknown. Additional experiments investigated this relationship. Multiple immunostaining showed that OT-evoked F-actin ring formation was highly colocalized with pERK1/2 distribution surrounding OT-NP components in a threedimensional view, which was particularly dramatic at the membrane subcortical areas (Fig. 4 A) . Treatment of slices (n ϭ 6) with 10 M PD98059 for 30 min before application of OT disrupted most F-actin in OT neurons (69.3 Ϯ 13.3% of control, p Ͻ 0.05) but reduced pERK1/2 expression (68.7 Ϯ 8.4% of control, p Ͻ 0.01). Addition of OT partially restored membrane subcortical F-actin (109.6 Ϯ 6.2% of control, p Ͼ 0.05) and the pERK1/2 (107.6 Ϯ 12.7% of control, p Ͼ 0.05) but did not lead to formation of intact ringlike structures, suggesting that ERK1/2 activation at least partially mediated the formation of F-actin rings (Fig. 4 B) . Conversely, depolymerizing F-actin facilitated pERK1/2 formation (Fig. 4C) . Pretreatment of slices (n ϭ 6) with cytochalasin B (10 M, 30 min) markedly reduced F-actin levels (61.0 Ϯ 9.1% of control, p Ͻ 0.01). However, F-actin ring disruption was not observed after 10 min of this treatment. The remaining F-actin tended to form a broken ring around OT-NP components, and many puncta were dispersed over the SON parenchyma. Puzzlingly, pERK1/2 increased significantly (134 Ϯ 21% of that in control, p Ͻ 0.05) across cytosolic sites in response to cytochalasin B, mostly limited to magnocellular neurons. After cytochalasin B treatment, OT (10 pM, 5 min) failed to cause patterned pERK1/2 expression in OT neuronal cytosol. Consistent with these morphological changes, cytochalasin B treatment also increased pERK1/2 protein (133 Ϯ 8.8% of that in control, p Ͻ 0.05, n ϭ 4) in Western blots, whereas it eliminated OTevoked pERK1/2 expression (103 Ϯ 12.9% of that in control, p Ͼ 0.05, n ϭ 4) (Fig. 4 D) . These results suggest that F-actin may suppress basal ERK1/2 activation, whereas it guides pERK1/2 translocation and facilitates OT-evoked ERK1/2 activation. 
Suckling-evoked ERK1/2 activation and actin dynamics
Our in vitro observations showed that OT could both activate ERK1/2 and cause dynamic changes in actin cytoskeleton. To acquire evidence in support of their functions in vivo, we examined pERK1/2 expression and F-actin distribution in lactating rats (n ϭ 12) during suckling. In nonsuckled rats, pERK1/2 expression was weak, diffusely distributed in the cytosol of magnocellular neurons, and barely visible above the background level in their nuclei (Fig. 5 A, B) . Suckling stimuli significantly increased pERK1/2 intensity in the cytosol and nuclei in OT neurons before the occurrence of the first milk ejection. Immediately after occurrence of the third or fourth milk ejection, pERK1/2 expression tended to be reduced in the neurons, although it was still higher than before suckling. Interestingly, the ratio of special cytosolic pERK1/2 to general cytosolic and nuclear pERK1/2 distribution (set as 1) increased gradually from nonsuckling (1.4) to suckling (1.7) to immediately after the milk ejections (2.1). The ratio after the milk ejections is significantly higher than that of nonsuckling ( p Ͻ 0.05, n ϭ 8). Accompanying the changes in OT neurons, pERK1/2 levels in adjacent non-magnocellular cells also increased during suckling and appeared to be translocated into putative astrocytic nuclei and/or somata and their proximal projections after milk ejections. Accompanying the changes in pERK1/2, F-actin also redistributed spatiotemporally (Fig. 5 A, B) . In nonsuckling rats, most F-actin was diffusely distributed in the cytosol and intercellular space, and most adjacent OT neurons were separated from one another by thick accumulations of F-actin between cells. Suckling for 5-10 min (before the occurrence of the first milk ejection) increased F-actin formation in the cytosol of OT neurons and putative astrocytic somata, whereas the F-actin between OT neurons, likely in astrocytic processes and synaptic terminals, reduced. F-actin at membrane subcortical areas formed a sharp ring-like structure with thinner membrane F-actin staining in the plane across the central section of OT neurons. Immediately after the occurrence of a milk ejection, total intensity of F-actin staining in the whole SON was reduced, particularly the cytosolic F-actin, whereas membrane subcortical F-actin became clearer. There were higher ratios of cellular apposition against ring-like structures surrounding OT-NP components. As a result, the ratio of adjacent paired neurons with thinner (Յ1.0 m) F-actin walls (cellular apposition) against the pairs with thicker (Ͼ1.0 m, 1.0 -5.0 m, set as 1) F-actin walls increased from nonsuckling (0.41) to suckling (0.68) to MER (0.7). This result suggests that an increased retraction of glial processes from interstitial spaces of magnocellular neurons (Hatton and Tweedle, 1982) may account for the increased cellular apposition. A summary of the effects of suckling on pERK1/2 expression and actin dynamics is shown in Figure 5 , C and D.
Suckling-increased pERK1/2 protein and its interaction with F-actin
Consistent with morphological changes in pERK1/2 distribution, suckling also changed pERK1/2 protein expression as shown in Western blots (Fig. 6 A) . Suckling stimulation significantly increased pERK1/2 expression, but immediately after milk ejections, pERK1/2 levels showed a trend toward decreasing (0.05 Ͻ p Ͻ 0.1) from those before the milk ejections. Interestingly, pERK1/2 expression is closely associated with actin during suckling. Data presented in Figure 6 B show that suckling increased coimmunoprecipitation of total ERK2 and actin. In two sets of experiments in which measurements were made immediately after the MER, the actin pulled down with tERK2 increased to 168 and 201% of nonsuckling control (100%).
Blocking ERK1/2 activation suppresses the MER Both suckling and OT stimulation caused ERK1/2 activation; blocking it also blocked OT-evoked bursts. If suckling-evoked ERK1/2 activation is causally related to burst generation/milk ejections, then blocking ERK1/2 activation should also suppress the MER. To test this hypothesis, we first investigated the effects of intracerebroventricular microinjections of PD98059 (n ϭ 3) or U0126 (n ϭ 3) on the MER. Here we preferred the cerebroventricular injection rather than bilateral intra-SON injection because the former is an efficient approach to modulate burst activity by OT/OTR antagonist (Freund-Mercier and Richard, 1981 Richard, , 1984 and can minimize physical damage to the SON for normal MER. In addition, this approach includes blockade in PVN neurons, thereby avoiding compensatory influences of intact PVN OT neurons after blocking ERK1/2 activation in the SON only.
Before applying PD98059 or U0126, a vehicle injection (1 l of 50% DMSO plus 50% aCSF) was tested in these rats. Milk ejections, as indicated by simultaneously stretching responses of the pups, were consistently observed 30 -60 min after control injections. The first milk ejection occurred within 10 -23 min after suckling initiation (10 pups), and two to five milk ejections were observed for each lactating dam within 30 min. Thirty minutes after vehicle-suckling tests, PD98059 or U0126 (10 mM, in 1 l of 50% DMSO plus 50% aCSF) was injected into the third ventricle, and suckling was begun again during 30 -60 min after this injection. Over 30 min, only one to three weak milk ejections were observed in the three rats treated with PD98059, and no milk ejections were seen in the three U0126-injected rats. Statistically, blocking pERK1/2 activation reduced the frequency of milk ejections significantly (3.6 Ϯ 0.3 in control vs. 1.0 Ϯ 0.5 in blockade, n ϭ 6, p Ͻ 0.01). Supporting the visual observations of suckling behaviors, the average gains in litter body weight were reduced significantly (5.6 Ϯ 0.3 in control vs. 0.2 Ϯ 0.3 in blockade, n ϭ 6, p Ͻ 0.01) after blocking ERK1/2 activation. As expected, the same dose of U0126 acted more rapidly and potently than PD098059, probably because U0126 has ϳ100-fold higher affinity for MEK than does PD098059 (Favata et al., 1998) .
To avoid misinterpretation of PD98059 or U0126 effects because of changes in anesthetic levels over the observation period, we also performed a time-locked control experiment. In one rat, a second vehicle injection was applied 30 min after removal of the pups in the first vehicle test. In this case, reexposure to the pups during 30 -60 min after the second injection still induced the MER, similar to the first test in the frequency and intensity of pup stretches. This result indicates that neither the vehicle nor the 2-3 h time difference between tests affected the MER. In another rat, intramammary pressure changes were directly observed to validate the results of behavioral observations (Fig. 7A) . Suckling caused intermittent increases in the intramammary pressure as described previously. Injection of U0126 (1 mM, in 1 l) gradually reduced the magnitude of intramammary pressure increases within 10 -15 min before stopping them altogether. Vehicle injections produced no changes. After an 8 h recovery interval, milk ejections were again observed, and these were suppressed by a second injection of U0126 (10 mM, in 1 l). These results support the key position of endogenous pERK1/2 in suckling-evoked milk ejections/bursts.
Finally, we compared immunostaining of pERK1/2 and F-actin between vehicle-only, vehicle plus suckling, and PD98059 plus suckling in three rats to verify in one experiment the conclusions reported from the above studies. The results showed that application of PD98059 blocked not only the increases in pERK1/2 expression but also reduced increases in cytosolic F-actin and blocked the formation of membrane subcortical F-actin rings. Exemplary images are shown in Figure 7B . Together with the other data in this study, we conclude that pERK1/2 elicitation of actin dynamics during suckling plays a crucial role in OT neuronal burst generation and the MER.
Discussion
In response to suckling or OT stimulation, pERK1/2 expression first increased and then decreased, accompanied by F-actin reorganization. Translocation of pERK1/2 is guided by new F-actin, which restrains basal levels of pERK1/2 and mediates OT-evoked ERK1/2 activation. This study provides the first evidence that OT mediates suckling-evoked bursts/milk ejections by increasing interactions between pERK1/2 and actin dynamics.
ERK1/2 activation and OT-evoked bursts
Expression of pERK1/2 evoked by OT treatment in vitro and by suckling in vivo were highly similar, as were blocking effects of OTR antagonists on OT-evoked bursts (Wang and Hatton, 2007) . These findings provide a firm basis to propose that OT is responsible for ERK1/2 activation in eliciting bursts in OT neurons during suckling. It is likely that activation of OTRs initiates intracellular signaling cascades via G-proteins (Wang and Hatton, 2007) , leading to ERK1/2 activation. The roles of pERK1/2 in burst generation are not simply quantitative. OT-evoked bursts occurred when OT-elevated pERK1/2 began to decline from peak levels. Consistent with this in vitro phenomenon, pERK1/2 expression decreased immediately after milk ejections, a time when OT neurons are ready to be reactivated (Negoro et al., 1987) . Decreases in pERK1/2 levels are at least partly responsible for postburst inhibition, judging from the inhibitory effect of PD98059 on firing rates. Alternatively, the distribution pattern immediately after the milk ejection allows pERK1/2 to retain the potential to be reactivated without relocation in response to appropriate stimuli (Negoro et al., 1987) . Thus, ERK1/2 activation, a prerequisite for burst generation, may function in a microdomain-specific manner.
Subcellular distribution of pERK1/2, particularly when it is in close proximity to the membrane, is probably more important than general cytosolic or nuclear distribution. Clearly, suckling increased pERK1/2 expression at cytosolic sites close to the membrane, dramatically during the period when OT neurons were ready to burst. From the observed dual effects of OT on pERK1/2 expression, we assume that OT can both activate and deactivate pERK1/2, with activation dominant at early times and deactivation stronger during later stages. Commonly, when activation pathways are blocked, deactivation becomes dominant, e.g., phosphatases in the striatum (Paul et al., 2003) . Because the downstream signals to pERK1/2 are broad, both burstsuppressing and burst-evoking signals may be included. Selectively activating and deactivating pERK1/2 in specific microdomains may remove burst-suppressing signals unmasking burstevoking signals. From initial ERK1/2 activation to burst generation, there is a long latency. Thus, OT-or suckling-elicited global ERK1/2 activation may in turn activate secondary burstevoking signals rather than to directly elicit burst onset. These signals may originate from both magnocellular neurons and as- suckling. The top trace shows that vehicle (1 l of 50% DMSO-50% aCSF) injection did not influence the intramammary pressure transients during milk ejections, whereas 1 mM U0126 (1 l) resulted in total depression of transient increases in intramammary pressure after a 10 -15 min delay. However, injection of 1 mU of OT (intravenous) still caused the intramammary pressure change. Responses to suckling returned after an 8 h recovery interval (right trace). Bottom trace shows that injection of 10 mM U0126 (1 l) again led to the suppression of intramammary pressure changes during suckling. B, Effects of MEK inhibitor on the expression of pERK1/2 and F-actin in and around OT-NP-positive cells in the SON during suckling in urethane-anesthetized lactating rats. From left to right, images are two representative sections (top and bottom rows) from vehicle only, vehicle plus suckling, and PD98059 plus suckling, respectively. Immunostaining is for OT-NP, pERK1/2, and F-actin in each condition. The relative pERK1/2 intensities (in undefined luminosity units) were 35, 48, and 22 for the vehicle, vehicle plus suckling, and PD98059 plus suckling, respectively. The relative F-actin intensities for the three different conditions were 53, 66, and 49, respectively. NS, Nonsuckling; S, suckling.
trocytes, because accompanying the changes in pERK1/2 levels in OT neurons were nuclear translocations of pERK1/2 in astrocytes. As with OT neurons, astrocytes can provide prostaglandins (Wang and Hatton, 2006) to trigger bursts in OT neurons (Hatton and Wang, 2005) .
Actin reorganization and OT-evoked bursts
Actin dynamics are implicated in functions of ionotropic receptors (Allison et al., 1998; Liu and Berg, 1999) , ion channels (Schubert and Akopian, 2004; Yang et al., 2004; Zhong and Zucker, 2004) , gap junction formation (Pavlik et al., 2004) , and synaptic plasticity (Okamoto et al., 2004) . Compared with other signals, actin possesses more capacity to anchor other signaling molecules to electrogenic organelles, alters their activity directly, and leads to transient electrical discharges of neurons. In this study, blocking ERK1/2 activation also reduced F-actin formation both in vivo and in vitro. After cytochalasin B-evoked inhibition set in, OT lost its burst-evoking capability. These results highlight the importance of actin dynamics in burst generation.
It seems paradoxical that both stabilization and destabilization of F-actin could trigger bursts. However, analyzing the relationship between burst generation and F-actin distribution, we found that membrane subcortical F-actin location plays a crucial role in burst generation. Suckling increased F-actin and the incidence of F-actin ring formation/cellular apposition. When OT neurons were ready to be reactivated (immediately after milk ejections), incidence of F-actin rings abounded. Moreover, these rings were well preserved shortly after application of cytochalasin B, despite strong suppression of general cytosolic F-actin. Stabilization of F-actin facilitated OT-evoked bursts by promoting OT actions, whereas destabilizing F-actin blocked OT-evoked bursts. This apparent paradoxical outcome could be related to different pools of F-actin: a cytochalasin B-sensitive pool at paranuclear cytosolic sites and in astrocytic processes, and a membrane subcortical cytochalasin B-insensitive pool. The former are ready to be polymerized and may form a spatial barrier (Tobin and Ludwig, 2007) for access of burst-evoking signals to electrogenic organelles, e.g., release of prostaglandin, OT and ATP, etc. The latter pool is essential for burst generation; it is likely depolymerized slowly but not easily replaced by newly polymerized actin. This may explain the spontaneous bursts at early stages of actindisrupting agent application and how OT could quickly increase the paranuclear cytosolic F-actin, but not membrane subcortical F-actin, in OT neurons in the presence of cytochalasin B. (Zhong et al., 2003; Wang and Hatton, 2007) and ERK kinase, MEK. pERK1/2 can facilitate F-actin formation through at least two pathways: by increasing production of prostaglandins (PGs) (Wang and Hatton, 2006) and by phosphorylating cofilin (P-cofilin) (phosphorylation of cofilin inhibits its ability to depolymerize F-actin) (Nebl et al., 2004; Pritchard et al., 2004) . Increased F-actin formation, particularly at membrane subcortical areas, increases inward Na ϩ currents and OT neuronal excitability. Increased pERK1/2 may also activate protein phosphatases (PP) (Paul et al., 2003) , leading to dephosphorylation of pERK1/2, activation of cofilin, and F-actin depolymerization. Microdomain-specific pERK1/2 expression determines patterns of F-actin distribution. C, Effects of actin dynamics on pERK1/2 expression. F-actin formation elicited by OT and prostaglandins may form a barrier for MEK to access ERK1/2 or to bring protein phosphatases close to pERK1/2, whereas actin depolymerization allows ERK1/2 activation. However, detaching from F-actin, ERK1/2 activation occurs without special localization, appearing as diffuse increases in pERK1/2. Alternatively, dynamic F-actin formation may continue recruiting ERK1/2 to the actin cytoskeleton and MEK and increase ERK1/2 activation while migrating to cytosolic loci and membrane subcortical areas. This location allows pERK1/2 to access membrane electrogenic organelles and cause burst-facilitating responses, e.g., suppressing K ϩ currents. D, Events leading to burst generation and its effects. A series of spatiotemporal changes in cellular signals sets OT neurons in a state subthreshold to bursting. Transient discharges of clustered EPSCs (Wang and Hatton, 2007) and reduced K ϩ currents (Wang and Hatton, 2004) will trigger burst firing directly. After the burst, membrane electrochemical events may cause partial depolymerization of F-actin and dephosphorylation of pERK1/2. However, the membrane subcortical F-actin layer remains intact shortly after the burst, together with its associated ERK1/2 and pERK1/2, which allows secondary bursts in OT neurons after appropriate stimulation (Negoro et al., 1987) .
Initial increases in F-actin are likely associated with ERK1/2 activation and prostaglandin production (Wang and Hatton, 2006) . Blocking ERK1/2 activation reduced basal F-actin levels, indicating the dependence of F-actin formation on pERK1/2 expression. Later decreases in F-actin during prolonged OT actions may be attributable to activation of cofilin (Nebl et al., 2004) , via dephosphorylation, after the reduction in pERK1/2 level (Pritchard et al., 2004) . Dephosphorylated cofilin can sever actin filaments. Cell-cell apposition/ring-like F-actin structures could result from coordinated actions of the two forces in a microdomain-specific manner, e.g., polymerization dominant at membrane subcortical areas in OT neurons and astrocytic somata with more pERK1/2 present, and depolymerization at paranuclear cytosolic areas in OT neurons and astrocytic processes in which less pERK1/2 is present.
The involvement of astrocytic F-actin in burst generation may be related to additional retractions of astrocytic processes from the spaces between adjacent neurons (Hatton and Tweedle, 1982) . Apparently reduced glial insulation between neurons during suckling contributed to F-actin ring formation or cellular apposition between OT neurons. Disruption of F-actin in astrocytes by bath application of actin-disrupting agents may contribute to glial retraction and their burst-evoking actions. Astrocytic retraction during lactation has been proposed as a mechanism underlying bursts in OT neurons (Hatton, 1990; Hatton, 2004) ; the present results extend the relevance of this mechanism to periods of suckling.
Interactions between pERK1/2 and F-actin Actin dynamically interacts with pERK1/2 in neurons (Julien and Mushynski, 1998; Choe et al., 2002; Watanabe et al., 2004; Chierzi et al., 2005; Gu et al., 2005) and participates in relocation of signaling molecules. In the SON, expression of pERK1/2 and F-actin was temporally associated with responses to OT/suckling. Blocking pERK1/2 formation disrupted the pattern of F-actin reorganization. OT partially restored F-actin ring structures after blocking ERK1/2 activation, indicating the existence of pERK1/2 independent compensatory pathways for F-actin formation in OT neurons. Alternatively, F-actin suppressed basal ERK1/2 activation but was responsible for OT-evoked ERK1/2 activation and for pERK1/2 translocalization. Theoretically, this may be attributable to a spatial barrier effect of F-actin for MEK1/2 to access ERK1/2 or for phosphatases to separate from pERK1/2. ERK1/2 may need actin dynamics to bring it to MEK1/2 or to shield phosphatases from pERK1/2 during OT or suckling stimulation. These events should be spatiotemporally associated.
The influence of actin dynamics on burst generation may be chiefly via its guiding role in pERK1/2 functions. Although it is possible for pERK1/2 to modulate ion channel activity directly (Hu et al., 2003) , the scaffolding and guiding roles of F-actin in ERK1/2 activation provide an optimal condition for direct interactions between pERK1/2 and the electrogenic organelles in OT neuronal membranes. Possibly, the negative influence of disturbing F-actin dynamics on burst generation is related to dissociation of newly activated ERK1/2 from F-actin. With the loss of pERK1/2, and other possible factors modulating membrane excitability, OT failed to trigger additional bursts. Conversely, phalloidin may facilitate burst generation by stabilizing F-actin, thereby maintaining close interactions between pERK1/2, F-actin, and electrogenic organelles.
It should be noted that interactions between pERK1/2 and F-actin are not homogeneous among OT neurons and astrocytes. Besides robustly responsive cells in our results, there were nonresponsive or weakly responsive cells. Vasopressin neurons were also involved in the interactions. Additional study may uncover more complex mechanisms.
Implications
The present findings highlight essential roles of actin dynamics and pERK1/2 in burst firing patterns and reveal, for the first time, multiple interactions between the two molecules. Figure 8 diagrams the interactions between pERK1/2 and F-actin in SON OT neurons and astrocytes that likely lead to burst generation. Understanding these mechanisms should also be useful in revealing the machinery involved in firing pattern transitions of other neurons under different physiological conditions.
